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Migrating keratinocytes actively involved in reepi-
thelialization in dermal wounds acquire a collageno-
lytic phenotype upon contact with the dermal matrix. 
To determine whether this phenotype is associated 
with repair in other forms of wounds, we assessed 
collagenase expression in 50 specimens representing 
a variety of blistering skin diseases, including sub-
types of epidermolysis bullosa, porphyria cutanea 
tarda, bullous pemphigoid, pemphigus, transient ac-
antholytic dermatosis, and suction blisters. Distinct 
from that seen in chronic ulcers or in normal healing 
by second intention, reepithelialization in these blis-
tering condit:ions was not necessarily associated with 
a complete loss of basement membrane, as deter-
mined by immunostaining for type IV collagen. Col-
lagenase mRNA was detected in the basal keratino-
cytes of several specimens of epidermolysis bullosa 
simplex (six oflO) and of pemphigus (three of seven), 
as well as in one quarter of transient acantholytic 
T he matri x Ill e talloprotcin asc fam il y consi sts of 11 structurally rela ted, z in c-depcndent enzymes that together can deg rade essentia ll y all extracellular ma-trix compon ents. B esides participating in develop-mental remodeling, ti ssue involution, and wound 
healing [1] , excess production of these proteinases contributes 
signjfi cantly to the tissue damage that occurs in tumor invasion [2] 
and in chroni c inAammatory diseases [3]. Am ong the metalloen-
zym es, intersti tial coll agenase is the principal enzyme that can 
cleave types t, 1I, 1lI, and X coll agens [4,5] . Stromelysin- 1 has a 
much broadcr substrate specifi city, be ing able to degrade proteo-
glycans, types IV and IX coll agens, lam inin , fibron ectin, and the 
globular dom ains of procoll agens I and III [6], and it can also 
activate procollagenase [7] . These enzymes arc synthesized by 
various cell types such as keratinocytes [8] , fibroblasts [9], macro-
phages [10] , and cndothelial cell s [11]. 
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dermatosis samples in the presence of an intact base-
ment membrane. In contrast, three of nine porphyria 
cutanea tarda, one third of epidermolysis bullosa 
acquisita, and one of 10 bullous pemphigoid samples 
had collagenase-positive basal keratinocytes with the 
basement membrane disrupted. The collagenase-
positive lesions generally represented older blisters 
with evidence of epithelial regeneration. Collagenase 
was also expressed in suction blisters at 2 and 5 dafter 
induction of the blister, but was shut off when the 
epidermis had healed. Other metalloproteinases were 
expressed occasionally, if at all. Our results suggest 
that keratinocyte migration is associ~ted with colla-
genase expression and that contact of keratinocytes 
with the dermal matrix is not necessarily needed for 
collagenase induction. Key words: metalloproteillasellllll-
lOllS disease/in situ hybridization. ] 111"est Del'llwtol 104: 
982-988, 1995 
W c have shown that basal keratinocytes at the migrating front of 
reepithelialization invariantly express colJagenase and are the pre-
dominant source of collagenase during active healing in both 
norma l wounds and chronic ulcers [1] . In the epidermis, coll age-
nase may be used to promote keratinocyte migration rather than 
participating in the remodeling of derma l connective tissue. 
Stromelysin-1 is also abundantly expressed in wounds, typically in 
ch roni c ulcers and poorly healing wounds, but in the proliferating 
population of basal keratinocytes just behind the collagenase-
producing cell s [1 2]. 
[n our earlier work, we showed that collagenase is expressed only 
by basal keratinocytes, which are not in contact with an intact 
ba sement membrane (BM), and that coll agenase is illduced in 
primary human keratil10cytes grown on type [ collagen [1 ,13]. To 
assess our hypothes is that contact with matrix is a critica.l determi-
nant of collagenase expression in keratinocytes, we examined 
specimens of various blistering skin diseases in which, in contrast to 
dermal wounds, reepithe li alization is not associated with a com-
pl e te lo ss ofBM. We detected collagenase mRNA in keratinocytes 
in b listers of various etiology, but generally expression was con-
fin ed to older lesions in which partial reepitheLialization was already 
present. As in dermal wounds, the signa l for collagenase mRNA 
was restricted to basal keratinocytes, suggesting that only these 
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cells, and not the more differentiated keratinocytes, are competen t 
to respond to stimulators of collagenase production . 
MATERIALS AND METHODS 
Tissues Fonnalin-fixed, paraffin-embedded specimens were obtained 
from the Department of Dermatology, University of l-lelsinki , Finland. T he 
specimens of blistering diseases studied included epidermolysis bullosa 
simplex (EBS; n = 10), EB dystrophica (n = 2), EB junctionalis (n = 2), EB 
acquisita (EBA; n = 3), porphyria cutanea tarda (PCT; n = 9) , bullous 
pemphigoid (BP; n = 10), pemphigus (n = 7) , and transient acantholytic 
dermatosis (TAD; n = 4) . T he diagnoses of the various EB specimens had 
been made on the basis of clinical, histopathologic, and electron micro-
scopic findings. The diagnoses of BP and pemphigus were bascd on the 
well-known clinical, histologic, and immunofluorescent properties [14). 
The diagnosis of PCT was confirmed clinically and by abnormal uropor-
phyrin lcvels. Suction blisters were induced on the abdominal skin of a 
healthy volunteer using a Dermovac device as described previously [15) . 
Biopsics were donc 2, 5, and 9 d after induction of the blister. 
III Sit" Hybridization I" sitll hybridization was perfon11ed on 5-ILm 
sections as described in detail [1 6). All samples were treatcd with proteinase 
K and were washed in 0.1 M triethanolamine buffcr containing 0.25% acetic 
acid. Sections were covered with 25 ILl of hybridization buffer containing 
2.5 X .\ 0" cpm/ ILl of 35S_labeled anti sensc or sense RNA probe. Sections 
were incubated at 55°C for 18 h in a humidified chamber. After hybridiza-
tion, the slides were washed under st,;ngcnt conditions, including treatmcnt 
with RNase A to rcmovc unhybridizcd probc, and were processed for 
autoradiography as described [1 6). After 10 to 16 d of autoradiographic 
exposure, the photographic emulsion was dcvclopcd, and slides werc 
sta ined with hcmatoxylin and cosin. T he sections chosen for presentation in 
this report were exposed for 13 d. Samples known to be positive for 
co llagenasc or stromelysin- l mRNA were used as positivc controls in each 
expcrinlcnt. 
RNA Probcs T he production and specificity of the antisense human 
interstitial collagenase, stromelysin-1, and of tissue inhibitor of metallopro-
teinases-l RNA probes have been described [1 2,17). As a control for 
nonspecific hybridization, tissue sections in each expel;ment were hybl; d-
ized with 35S_labeled scnsc RNA transcribed fi'om a bovine tropoelastin 
cDNA. T he validi ty of this probe as a negative control has been confirmed 
by Northcrn [16) and by i" sitll hybridization assays [1 ,17,1 8). 
ImnlUl1ohistochcmistry On sections serial to those used for i" ;- illl 
hybridization, immunostaining for type IV collagen and laminin was done 
by the peroxidase-antiperoxidase technique using diaminobenzidine as 
chromogenic substrate and Harris hemato""'Ylin as coun tcrstain , as described 
in detail [1) . Controls were performed with rabbit preimmunc serum or 
prcimmune mouse ascites fluid. 
RESULTS 
Tissues To assess whether collagen ase is expressed in vario us 
bullous diseases, we studied 47 samples usin g i ll silll hybridization 
(Table I). The sampl es represented diseases in which cleavage 
occurs above (pemphigus, EBS, TAD) , within (BP, EB junctiona-
Li s), or below the BM (EB dystrophica) . In mild cases of PCT, the 
blisters arise within the junctional zon e, whereas in severe cases 
they form b en eath the BM [19]. The approxim ate ages of the 
blisters w ere assessed by Li ght microscopy, and bliste rs with overt 
reepithe Li alization at any level were considered o ld . In intraepider-
mal blisters, the b eginning of reepithe LiaLization was de tected as an 
alignment of flattened keratinizing cells at the bottom of the blisters 
(Fig lB). In subepidermal blisters, the beginning of reepithelializa-
cion was seen as small clusters ofke ratinocytes in folLicu lar openings 
at the bottom or at th e edges of the blister (Fig 2B). For all samples, 
sectio ns were stained for type IV collagen as a marker of BM 
integri ty. In a subset of section s, th e integrity of the epidermal BM 
was further confirmed by immunostaining for laminin , w hich 
coincided with the presence of type TV collagen in all samples 
examined (except in suction bliste rs). 
Collagenase Is Expressed by Basal Keratinocytes in Blisters 
Showing Epidermal Regeneration Prominent signal for col-
lagenase mRNA was detected in the basal ke ratinocytes in 60%, of 
the EBS samples and in on e third of the samples of EBA (Table I). 
In all EB samples, regard less of the subtype, epi the ljal regeneration 
was de tected when ever collagen ase-positive keratinocytes were 
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Table I. Pathologic Features and Distribution of 
Interstitial Collagenase mRNA of the 47 Samples of 
Blistering Skin Diseases Used in These Studies 
Number 
of Samples Diagnosisll 
6 EBS 
4 EBS 
2 EBD 
2 EB] 
EBA 
2 EBA 
3 PCT 
PCT 
5 PCT 
1 PG 
9 PG 
3 PV 
1 PV 
3 PV 
1 TAD 
3 TAD 
SB (2 d) 
SB (5 d) 
SB (9 d) 
R eepithelialization" 
+ 
+ 
+ 
+' 
+ 
+ 
+' 
+ 
+ 
+ 
+ ' 
S'ignal for 
Collagenase mRNA 
in Basal Keratinocytes 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
.. El3D. EB dystrophic,; EllJ . Ell jUllctlollalis; PG. pemphigoid; PV . pemphigus 
vul garis; Sil. slIc tio ll b lister. 
II For dcfi lt_ition . sec Resll/ts . 
( Blister bottom com pletely rccpithclializcd. 
found (Fig 1). Tn four specimens of EBS, migratin g k eratin ocytes 
expressed coll agenase mRNA (Fig tA), w h ereas in two other 
samples, signal was detected in b asa.l ke ratinocytes covered w ith 
severa.llayers of epithelium (Fig lD). H owever, in relatively recent 
EB lesion s with no eviden ce of reepithelialization, no signal for 
collagenase mRNA was seen (data not sh own) . In addition , 
collagen ase mRN A was detected in m acrophage-like cells in the 
de rmis of two EEA samples and on e dystrophic specimen (data not 
shown) . In contrast to our con sistent findings in chronic ulcers and 
acute wounds [1] , in which only basal keratinocytes tha t were n ot 
in contact with an intact EM expressed collagenase mRNA, 
staining for type IV col.l agen revea.led that th e EM was in tact under 
collagenase-positive ke ratinocytes in all EBS samples (Fig tE) . No 
sign al was seen on sec tions hybridized with sense RNA (Fig tC). 
In three of nine samples of PCT, col.lagen ase mRNA was 
de tected in b asal keratinocytes (Fig 2A) . Again, partial reepitheli-
alization was detected in these samples. Samples that were devoid 
of sign al for coll agenase mRNA w ere typically fresh lesions w i. th no 
evidence of ke ratinocyte mig ration (Table I). Tn five PCT speci-
m ens, stromal signal for collagenase was al so seen in occasional 
m acrophage-like cells (Fig 2C). 
In three of seven samples of pemphigus, collagenase mRNA was 
detected in basal keratinocytes. T lus was found in both pemplugus 
vulgaris (Fig 2D) and erythem atodes, and in all samples examined, 
the EM was intact as assessed by staining for type IV collagen (Fig 
2E). As be fore, no collagen ase mRNA was detec ted in new les ions 
with no eviden ce of epiderm al regen eration o r in o ld lesio ns with 
complete reepithe Lialization . 
Four samples of TAD were probed for collagen ase mRNA to 
exclude acanthosis as a facto r contt;buting to collagenase induc tion . 
No collagenase mRNA was fo und in th e acantho lytic epidermal 
areas of these samples, but in on e specimen , reepithel.ializin g basal 
ke ratinocytes at th e bottom of a bliste r were positive (Fig 2F, G). 
Coll agenase mRNA was detected in basa l keratinocytes in only 
one of 10 EP samples (data not sh own). T lus agrees with recent 
data demonstrating that 92-kDa gelatin ase , produced by eo-
sinophils, is the principal metalloenzyme in these lesions [20]. 
Collagenase mRN A was n ever detected in g ranulocytes, eosin-
ophils, or lymph ocytes. As reported previously, collagenase and 
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Figu rc 1. Exprcssion of collagcnasc and stromclysin- l b y b asal kcratinocytcs in EB S a nd EB dystro p hica. Specimcns of EBS (A-F) and EB 
dystrophica (G,H) were processed for ill sifu hybrid ization with I~A probes for collagenase and stromclysin-l ml~As, as described in Materials alld J\IIetltods. 
A, ill sif" hybridization for collagenase mj~A shows prominent signa l in migrating keratinocytes (nlTOIIIS) and wcaker signal in occasional stromal ce ll s 
(an·olllit eads) . D, bright-field illuminatio n of A fo r hi stologic comparison . C, parall el section of that shown in A and B hybridizcd with a sense RNA probe. 
D, collagenase mR..NA (nlTOIIIS) was secn in basa l keratinocytes of an old EBS bUste r. c, immunostainjng with a monoclona l antibody to type IV collagcn in 
a paralle l section shows an in tact BM. F, stromclysin-l ml~A (arrollls) was seen in basal ke ratinocytes in a section pa rall el to that shown in D. G, in EB 
dystrophjca. signal for stromelysin-l mRNA was secn in basa l kerati nocytes (nlTO"',,). H, in a section parall el to that in G, ill1munost:t ining fo r type IV co ll agen 
is abnormal (arrollls). Bal'S: A-C,G,H, 38 /Lm; D-F, 19 /L1ll. 
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G 
Figure 2. Collagenase mRNA is expressed in basal keratinocytes in PCT, pemphigus, and TAD. Sections ofPCT (A-C) . pemphigus vu lgaris 
(D ,I:.), and TAD (F,G) were hybridized fo r collagenase mRN A. A,B, paired dark-field alld bright-field illuminated photomicrographs of sections of PCT. 
Signal for collagenase mRNA was seen in reepitheli ali zing keratinocytes (arrollls) and ill stromal cell s (mmlll"eads). C, high-power image from dle underlined 
area in B shows co llagenase mRNA in migra ting keratinocytes (mmllls) and in som e slTomal cell s (tII.,."wlteads). 0, in pemphigus , collagenase mRNA was seen 
in basa l keratinocytes (nIHIII's). E, immunosta ining for type IV collagen in a paralle l section showed an intact BM (mmllls). F, ;/1 S;(I/ hybridization reveal s 
coll agenase ml~A in basal kcratinocytes in a regenerating blister caused by TAD (mn"I's) . G. bright-field illumination of F for histologic comparison . h, 
hair fo lli cle. Bars: A,B,D,E, 38 /LOll; F,G. 19 /Lm; C . 9 /LI11. 
stromelysin-1 are not expressed in the epidermis of healthy human 
skin [1 2,17]. 
Our results suggest that contact ofkeratinocytes with the dermal 
matrix is not necessa rily needed for induction of collagenase 
production. To assess this further , we examined experimental 
suction blisters in which the lamina densa remains intact [21]. 
Biopsy specimens were taken 2, 5, and 9 d after induction of the 
blister, and type IV collagen immunostaining showed that the BM 
remained i]ltact at all times (Fig 3B). On day 5, many collagenase-
ml~A-positive keratinocytes were detected at the edges and at 
the bottom of the bulla in migrating keratinocytes (Fig 3A). 
Howe ve r, on day 9, when epidermal continuity was re-estabLished, 
keratinocytes ceased to express colla gen ase (Fig 3 C). This 
finding agrees with our previous observations in acute in cisional 
wounds [1] . 
Stromelysin-l Is Only Sporadically Expressed by Keratino-
cytes in Various Blisters Stromelysin m~A was de tected in 
basal keratinocytes in o nly hal f of the samples of dystrophic EB 
(Fig lG) and in three of10 specimens ofEBS (Fig IF). It was also 
detected in one of nine samples ofPCT in basal keratinocytes of the 
regenerating blister floor (data not shown). Five BP and three 
pemphigus samples were negative for strom elysin-l and tissue 
inhibitor of m etallo proteina ses-l m~As. No signal for stromely-
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Figure 3. Expression of collagenase mRNA by migrating keratinocytes il:\ an experitnental suction blister. Biopsy specimens of suction blisters 
were hybridized with collagenase riboprobc and immunostained with type IV collagen and laminin an tibodies, as described in Materials allil Methods. A, ill 
sitll hybridization reveals collagenase mRNA in a 5-d-old blister in migrating ket~tinocytes and in keratinocytes around 3n intraepidermal bliste r (arroI/Js ), 
as well as a few positive cells in the dermis. B, immunostaining for type IV coU~gen in a corresponding section shows an intact BM (mmws). C, ill sitll 
hybridization for collagenase mRNA in a reepithelialized 9-d- old blister shows no signal in keratinocytes. D, higher magnification of A showing collagenase 
mRNA in migra ting keratinocytes (large mTO l/'s). E, immunos taining for laminin reveals di sruptions (an-oI/Jheads), whereas type IV collagen iml11unostaining 
in a parallel section (F) is intact (mTo",/I eads). Strong immunostaining is evident in the EM of l11ultiple blood vessels (E, F) . Thick an'oI/Js indicate corresponding 
structures (D,E,F). Bars: A-C, 19 fLl11 ; D-F, 38 fLl11. 
sin-lor tissue inhibitor of m etalloproteinases-l mRNA was de-
tected in an y of th e suction blisters biopsied . 
DISCUSSION 
In tlus study, co lJ agenase production was de tected in older bliste rs 
w ith clear eviden ce of reepithe lializatio n regardless of the le vel o f 
cl eavage. T his agrees w ith previo us iI/ /lilyo studies showing in-
creased expressio n of ke ratinocyte-de rived collagenase w hen the 
cells are stimulated to mig rate [22]. Indeed , expressio n o f m e-
taLl oenzym es m ay be impo rtant for epithe lial migration [23] . C ol-
lageno lytic activ ity h as b een detec ted in BP bliste r fluids and in 
lesion s of dystrophic EB [24,25], but no t in pemplugus [24,26] . 
T hese fi ndings are no t incompatible with our results because w e 
assessed active expression, not the presence of prote in . Because 
coUagenase and stromelysin mRNAs w ere not expressed in all 
sa1l1ples examined, it is unlikely that th ey contribute to the etiology 
o f these bullo us lesions. 
[n contrast to our findin gs in de rmal w o unds [1] or in w o unds 
dv e to m echanical injury of vascular smooth-muscle cells [27], 
cell-matrix inte ractions may play a lesser role in regulating collag-
coase induction in blisters. Perh aps a parti cular patte rn o f cytokin es 
or othe r soluble fa cto rs re leased fro m dam aged epide rmal cells o r 
6:om mi grating inflammatory cell s modulates collagenase expres-
sio n . Indeed , ke ratinocytes express seve ral matrL"X m e tallopro te in-
ases in response to growth fac tors and cytokin es [8]. Fo r example, 
tt~\I1 sforming growth fa cto r-alpha induces collagenase production 
i.t ). human epidermal raft cultures [28]. On the o ther hand , trans-
fo rming growth fa ctor-beta ~l1ay increase expression of integrins, 
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thereby facilitating keratinocyte migration and collagenase produc-
tion [29] . 
Although strom elysin-l is a potent activator of procollagenase ill 
/) ;/1"0 [30] and even tho ugh collagenase and stromelysin are often 
expressed coordinately [27], o ur resu lts in blistering diseases, 
similar to those in chro nic wounds [12] , show that collagenase an.d 
stromelysin are not necessarily expressed by the same cells. Thus, 
th ese two metalloproteinases probably do not act in concert ;/1 /) ; //0. 
Stromelysin-1 was expressed in keratinocytes in o nly four El3 
samples and in strom al cells in only one PCT specimen . However, 
collagenase and strom elysin-1 expressio n did spatially coincide in 
two samples of EBS and in one of PCT. In these specimens, these 
matrix me talloproteinases w ere detected in basal keratinocytes 
unde r the proliferating epithelium without clear ev idence of ongo-
ing migration (Fig 1V). Stromelysin- l m ay not be involved in 
reepithelialization per se but rather is needed to restructure the 
newl y formed BM or to remode l the de rmal stroma [1 2]. Alterna-
tively, its expression may be aberrant and actually contribute to 
impaired hea ling. 
Although the precise nature of the proteinase responsible for 
acantholysis in pemphigus is sti ll unclear, metall oproteinases do not 
seem to pla y a role in the etio logy of this disease . Indeed, 
collagenase mRNA was not found in fi'esh pemphigus lesions 
displaying o nl y basal acantholysis of supra basal ke ratin ocytes with 
classic tombstone formation . Furthermore, no signal was detected 
in the acantholytic areas of TAD lesions . T his suggests th3t 
collagena se is produced o nly in the later stages of these diseases in 
response to secondary changes, such as epiderma l regeneration aqd 
inflammation. 
In the repair of a suction blister, w ith the split at the lamil1 3 
lu cida, sho rt tongues of epithe li al cells grow o ut w ithin 12- 24 h 
from the residual epithelial structures [21]. Data o n suction blisters 
sugges t that keratinocytes migrate over an in tact BM [31] , but 
exactly w ha t changes are associated with this migratory phenotype 
are not known . We showed coll agenase induction, at least on day 
5, and these find ings agree with those of Welgus e/ nl [24], who 
m easured collagenase prote in levels from suction-blister fluid s. We 
fou nd that as in derma l wounds, coll agenase expression ceased 
when reepitheliali zatio n was complete. Although type IV collagen 
staining was intact in all the suctio n blisters examined, we canr\ot 
exclude mi crodisrup tions in the BM, beca use staining for type tV 
coll agen w as performed with an antibody directed to the N-
terminal domain only [1] . In fact, as our staining results show (Fig 
3E), the retention of lam in in in suction blisters is variable [31 ,3:2]-
Furthermore . inflammatory cell s accumu lating in the blister 0 e r 
time might release proteases that ca use microdisruption s of type tV 
coll agen. T hus, the migratin g keratinocytes expressing collagenase 
in the blisters that we examined may not be in contact with a 
structura ll y comple te BM. 
Type IV collagen matrix indu ces keratinocytes to migrate [3 3 ] 
and to synthesize increased amounts of coll agenase [34]. T hll S, 
disrupted laminin m embran e migh t lead to contact with typ e IV 
collagen deeper in the BM, lead ing to migration and collagenase 
production in different types of blisters. Alternatively, it is possible 
that contact with som e other BM protein , such as entact:it1, 
pro teoglycans, o r laminin variants, may influ ence collagenase e~­
pression . However, findings by Petersen e/ nl [35] have indicated 
that laminin is probably not the modulating factor, because it 
inhibits migration [36] and docs not stimulate collagenase expres-
sion above the levels seen in cultured cells. 
Keratinocyte migratio n and in tegrin expression are regulated 
d ifFerentl y depending on w hether BM is present or absent [29J. 
Compared with normal skin , few changes in integrins are obser ed 
in suction blisters [32] , other than reorganization of some receptors, 
whereas in derma l wounds, as is expressed on collagenase-positive, 
migrating keratinocytes [1]. T hus, in derma l wounds, collagenase 
production migh t be affected by ce ll - matrix interactions, w hereas in 
epidermal wound repair , soluble facto rs may have a m ore prol"}1i-
nent ro le . 
In conclusion , o ur ;/1 S;/II hybridization studies show that b<\sal 
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keratinocytes are able to express interstitial collagenase even w hen 
they are not in contact with the dermal m atrix and that their 
migration is generally associated w ith collagen ase expression. In-
duction of collagenase mRNA in keratinocytes m ay be modulated 
by a suitable combination of both cytokines and extracellular 
matrix. Stromelysin does not seem to have a consistent role in the 
epidermal regeneration associated with healing of blisters. 
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REFERENCES 
I. Saaria lho-Kere UK. Kovacs SO. Pentland AI'. O lerud jE. Welgus HG. Parks 
we: Cell-matrix interactions modulate il1ccrstitiai collagen ase expression by 
human kcra tinocytcs actively involved in wound hea ling. J e li" JU lies , 92: 
2858-2866. 1993 
2. Matrisia.l1 LM: Mctalloprotcinascs and their inhibitors in matrix remodding. 
Trellds Cellel 6: 12 1-125. 1990 
3. McCachrcll S5: Expression of mctallo protcinascs and rnctal1 oprotci n3sc inhibitor 
in hU111:l11 :lrtllri tic syn ovi um. AI1hri/is Rill'''''' 34: 1 085-1 093. 199 1 
4. Wcl gus HG. J e ffrey JJ . Eisen AZ: The colbgen substr:lte specificity of human 
skin fibrob last coUagenase.) Bioi Cltelll 256:95 11 -9515. 1981 
5. Wei gus HG. Fliszar Cj . Seltzer JL. Schmid TM . Jeffrey ./J: Differential suscepti-
bility of ty pe X collngen to cleav:lgc by two nt :1 I1HIl :d.i:ln coll:1gen:lses :1nd 72 
kD type IV collagenase.) Bi,,1 C ItCIII 265: 1352 1-1 3527. 1990 
6. Murphy G. Docherty AJP. Hembry RM. R eynolds JJ : Metalloproteinases and 
tissue damage. Br) RllClllll al,,1 30(Suppl 1):25-3 1. 199 1 
7. H e CS. W ilh elm SM. Pentland AI' . Manner BL. Grant GA. Eisen AZ. Goldberg 
G I: Tissue cooper:1tio ll in :1 proteolytic c:1sc:1de acriv:1ting hum:1I1 interstitial 
collagenase. Pmr Na ,l A.-tid S.-i USA 86:2632- 2636. 1989 
8. Windsor LJ. Grenett H . Birkedal-Hansen B. J30dden MK. Engler JA. Birkedal-
H ansen H : Cell type-specific regulation of SL-I and SL-2 genes . Induction of 
the SL-2 gelle but not the SL-I gcne by hUn):11l ker:1tinocytes in response to 
cytokines and phorbolesters.) Bi,,1 C I'CII' 268: 1734 1-17347. 1993 
9. Werb Z. T rembl e PM , Behre ndtsen O. Crowley E. Dalllsky C H: Signa l 
transd uction through the fibrollcctin receptor indu ccs coll:1gcll:1sC :ll1d strolBe-
lysin gene expression.) Cell Bioi 109:877-889, 1989 
10. Shapiro SD. Campbell EJ. Kobayashi DK. Wei gus H G: Imlllune modulatio n of 
mc talloprotein:lse produclion in human macrophages. Sc1ectivc prctransla-
tiona_I suppression of interstitial co l1 agen:lse and stromelysin b iosynthesis by 
in terfe ron-y. ) C/ill III I'cst 86: 1204 - 121 O. 1990 
II . Herron GS . Werb Z. Dwyer K. Ba nda MJ: Secretion of IBetaIloprotein:J.ses by 
sti1l1ul:lted ca pillary endotheli al cells. 1. Production of procollagenasc and 
prostromelysin exceeds cxpression of proteolytic activity. J Bic)/ CIlCtIl 261: 
28 10-28 13. 1986 
12. Saarialho-Kerc UK, Pentland AI'. Birkedal-Hansen H. Parks WC, Welgus HG: 
Distinct popul ations of basal keratin ocytes express strolllelysin-l and stromc-
lysin-2 in chronic wounds. J Cli" IlIlIcst 94:79-88. 1994 
13. Sudbeck IlS. Parks WC. Welgus HG. Pentland AI': Collagen-stimulated induc-
tion of keratinocytc collagenase is mcdiated via tyrosine kinasc and protein 
kinase C activities.) Bioi C"elll 269:30022-30029. 1994 
14. Grando SA. Glukhent..-y BT. Drannik GN. Ephstein EV . KoslTomin AI'. 
Korostash TA: Mediators of inRammation in blister Ru.ids from p::Jtients with 
pemphigus vulgaris and bu llous pemphigoid. A rc" Oe17l1aIO/125:925-930. 1989 
15. Kiista1a U: Suction blistcr device for separation ofviablc epidermis from dennis . 
) IIl/1es, Ocmllllol 50: 129-137. 1968 
16. Prosser IW. Stcnlllark KR. Suthar M. C rouch EC. Mccha.lll R.l' . Parks WC: 
Regional hcterogeneity of elastin and coHagen gene expression in intralobar 
arteries in response ro hypoxic pu lmonary hypertension as demonstrated by"" 
silll hybridiza tion. A lii) 1'11,11111 135: I 073-1088, 1989 
17. Saarialho-Kere UK. C hang ES, Wclgus H G . Parks \VC: D istincr localization of 
coll agcnase and T IMP expression in wound healin g associated with ulcerative 
pyogen.ic gra nuloma. ) CIiIl It1l1csI90: 1952-1957. 1992 
18. Saarialho-Kere UK. C hang ES . W clgus HG. Parks WC: Expression ofin.crstitial 
coll agcnase. 92 kDa gelatin:lse. and T IMP-I in granuloma aOllulare and 
Il ecrobiosis li poidica diabeticorum . J I II I/t's t Denlln tol 100:335- 342. 1993 
19. Lever WF, Schaumburg-Levcr G: J-listoparho/{)S}! (!f"It: SkjllJ 711, rd. Jll Lippincott. 
Philadelphi a. 1990. PI' 103-151 
20. St: Ille-Biickdahl M . Illoue M. Giudice GJ. Parks \VC: 92-kD gelatinase is 
produced by cosinophils at the site of blister formation in bulJous pemphigoid 
:l lld c1caves the extracellular domain of recombinant 180-kD bull ous pc.mph.i-
goid auroantigen.) C Ii" Ill /lest 93:2022-2030. 1994 
2 1. Stelll' KS . Malhotra R : Epithelization . In: Cohen l K. Diegcimann R.F. Linblad 
WJ (cds.) . WCJ/Illd Healillg: Bioc/lClllical alld Clillifal A"/lerls. WIl Saunders. 
Philadelphia. 1992 . pp 11 5-127 
22 . Woodley DT. Ka lebec T. Baines A./. Link W. Prunie ras M. Liotta L: Adult 
988 SAA IUALJ-IO-KERE ET A L 
hUOlHIl kcratinocytcs migrating over nonvinblc dermal collagen produce 
coUagenolytic enzymes that degrade type I and type IV collagen . J l'IIIesl 
Derlll olol 4:418-423, 1986 
23. Oikanncl1 A, Kylmanicmi M, Auoo-Hanl1aincl1 H, Autio P, SaiD T: Demonstration 
of 72-kDa and 92-kDa fomlS of type IV collagenase in human skin: variable 
expression in various blistering disc:ISCS, induction during fe-epithelialization, and 
decrease by topical glucocorticoids. J l' IIIcsl Derlllolo/l 01 :205-210, 1993 
24. Welgus H G, Bauer EA, Stricklin GP: Elevated levels of human collagenase 
inhibi tor in blister fl uids of diverse etio logy. } hlllcSI Del'lI/atoI87:592- 596. 1986 
25. Bauer EA, Gedde-Dahl T, Eisen AZ: T he rol e of human skin coUagenase in 
epidennolysis bullosa.J I,IIIesl Derlllolol 68: 11 9-124 ,1977 
26. O ikarLncn A I, RC lIn ai;:1 T , Zone JJ , K.iist;! l ~1 U , Uitto J: Pro teolytic enzymes in 
blister Auids from patients with dcrm~ltitis hcrpctifofmis. B,. J Den/latol 11 4: 
295-302, 1986 
27. James TW, Wagner RM , White LA, Zwolak RM, BrinckerhofF CEo In duction 
of coUagcnilsc and stromc lysin genc expression by t11cc'hanical injury in a 
vascular smooth mu scle-derived cell line. J Cell Plt)'s;ol 157:426-437, 1993 
28. T urkscll K, Choi Y . Fuchs E: Transforming growth f.,ctor aJph a induces coll agen 
degradation and cell migration in differentiatin g human epidcnllilJ raft cultures. 
Cell Reglll 2:6 13-625, 1991 
THE JOURNAL OF INV ESTIGATIVE DERMATOLOGY 
29. Ga ilitJ , Welch MI', C lark R.AF: TGF-beta1 stimulates expression ofkeratill ocyte 
intcgrins during rc-epithdializiltion of cutaneous wounds. J /" "CS( Dc,.",a(oJ 
1 03:22 '1-227, 1994 
30. Murphy G, Cockett MI, Stephens PE, Smith BJ, Docherty AJP: Strom clysill is all 
activator of procollagenase. B;oc/"'III J 248:265-268, 1987 
31 . Mansbridge IN . Knapp AM: Chan ges ill kcratinocytc m;:lturatiOI1 during wound 
heaJing. J I'IIICSI Derlllolol 89:253-263, 1986 
32 . Hertle MD, Kubler M-D, Leigh 1M , W:ltt FM: AberrOlnt integrin expression 
during epide rmal wou nd he:1 ling and in psoriatic epide rmis. J e li" l'II1cst 
89: 1892-1 901, 1992 
33 . O'Keefe EJ. Payne ltE. R.ussc lJ N: Spreading and enhanced motility of human 
keratinocytes on fibronectin. J 111(1".<1 DCI'II/()I" I 85: 125-1 30, 1985 
34 . Petersen MJ, Woodley DT. Stricklin GP, O'Keefe EJ: En han ced synthesis of 
coll agcnase by hlll11:lI1 kcratinocytes Cli ltuTcd on type I or type IV co llagen . J 
1'lVesl Del'll/(/Iol 94 :34 1-346, 1990 
35. Petersen MJ, Woodley DT, Stricklin GP, O 'Keefe EJ: Synthesis alld regulation of 
keratinocyte collagenase . Molrix 'I (suppl) :1 92-197, 1992 
36. Woodley DT, Bachmann PM , O'Keefe EJ: Lamillin inhibits human kcr'llinucytc 
migratio n. J Cell "h),s;ol 136: 140-146. 1988 
